Objective: Open chest management (OCM) after cardiac surgery is a therapeutic option in the treatment of the severely impaired heart. The aim of this study was the evaluation of the incidence, survival and predictors of poor outcome for OCM with delayed sternal closure (DSC), particularly with regard to parameters to determine the time of closure. Methods: Prolonged open chest was used in 212 of 6041 cardiac surgery patients between 2004 and 2009 (3.5%). We wanted to determine indications, mortality, morbidity, predictors of outcome, and parameters for timing of sternal closure. Results: The incidence of open chest (OC) was 3.5%, with 1.4% for isolated coronary artery bypass grafting (CABG), 2.9% for isolated valve, and 7.1% for combined procedures. Indications for OC were: hemodynamic compromise (180), intractable bleeding (14), arrhythmia (12), and cardiac edema or tamponade (six). A total of 153 of the 212 patients with DSC (72%) survived. Fifty-nine patients died: 23 before DSC and 36 after this procedure. Mortality could be related to the indication for OC: With the indication 'low cardiac output syndrome' (LCOS), the mortality was 36%, for bleeding it was 25.5%, for arrhythmias 20.5%, and for tamponade on closure it was 18%. After DSC, deep sternal wound infection (DSWI) occurred in 10 patients (5.3%) and superficial infection in 4.8% of patients. There were 18 patients with postoperative stroke (8.5%) and 27 patients with need for dialysis (12.7%). By univariate analysis, ventricular assist device (VAD) insertion, new onset of hemodialysis, re-operation for bleeding, mean length of duration of OC (survivors 3.2 days, non-survivors 6.4 days), and longer duration of highdose inotropic therapy could be determined as predictors of mortality. Conclusion: With our results, we could demonstrate OCM to be a beneficial, therapeutic option in patients with postoperative LCOS, massive hemorrhage or significant arrhythmias with hemodynamic compromise. However, patients with re-operation for bleeding, need for VAD and particularly a prolonged delay before sternal closure continued to have a poor outcome. #
Introduction
Open chest management (OCM) with the consequence of delayed sternal closure (DSC) has been described as a useful method in the treatment of severely impaired heart [10, 14] , uncontrollable hemorrhage [23] , intractable arrhythmias [6, 10] , reperfusion myocardial edema [14] , or when either ventricular assist devices [10] or transthoracic intra-aortic balloon pumps (IABPs) [24] are required after cardiac surgery.
A concern that prolonged open sternotomy would result in infectious complications caused early hesitancy to use this technique. Retrospective analyses have subsequently demonstrated a low incidence of infection. Most of the reports in the literature involve either small groups of patients, 10-60 [7] , or are case reports [14, 20] . The only large series of patients treated with open chest and delayed sternal closure as yet presented in the literature are those of Christenson [2] and of Furnary et al. [10] , who described the outcome and results of DSC in 142 and 107 patients.
OCM with a delayed closure has become a routinely used tool, with a current incidence of 1.2-4.2% in the adult cardiac surgical literature [2, 7] . With evidence for low sternal morbidity, and a growing population of patients with complex cardiac disease, DSC will be an increasingly important management option for the cardiac surgeon [25] .
With this retrospective analysis, we wanted to evaluate the incidence, survival and predictors of poor outcome for open chest management with DSC at our department.
We now present our extended results with the technique of OCM over a 6-year period to examine the outcome and parameters to optimize the timing of sternal closure in a group of 212 patients with DSC, with special regard to mortality and morbidity.
Material and methods

Patient characteristics
From January 2004 to December 2009, 6041 cardiac operations were performed in adults in our department. Standard anesthesia, cardiopulmonary bypass (CPB) and surgical techniques were employed. Analysis of the cardiac surgical database showed that 212 patients (3.5%) left the operating room with open chest (group OCM). We wanted to analyze indications, mortality, postoperative complications, and predictors of outcome after open chest with delayed sternal closure by comparison of group OCM to the control group (n = 5829).
Preoperative characteristics of these patients include a mean age of 72.6 years (AE3.5 years), male sex (70%), left ventricular (LV) ejection fraction <30% (12.5%), emergent or urgent operation (22.9%), and redo cardiac operation (31.7%). The kind of operation, as well as the time of surgery, extracorporeal circulation, and aortic cross-clamping, was comparable between patients with open chest and the control group. Pre-and intra-operative patient characteristics of both groups are shown in Table 1 .
Indication for OCM
OCM was performed if all attempts to achieve hemodynamic stability were unsuccessful. Measures taken to stabilize the patient included optimization of preload and afterload, inotropic support and IABP, or ventricular assist device (VAD) insertion. Ventricular function was routinely determined by transesophageal echocardiography. Hemodynamic instability was the major indication for OCM in all patients. In some patients, this instability manifested after a trial chest closure, but not all patients underwent trial closure. Additional indications that influenced the surgeon's decision to leave the chest open included bleeding/ coagulopathy, cardiac edema, and arrhythmias with hemodynamic compromise. The indications for OCM with delayed sternal closure are described in Table 2 . A total of 31 patients with low cardiac output syndrome (LCOS) and OCM did not receive an IABP. The majority of these patients suffered from RV failure. These patients did not suffer from myocardial infarction but from a macroscopically perceptible myocardial edema.
Technique/maintenance of OCM
The temporary closure of the wound was achieved by a sterile PTFE layer (GORE DUALMESH W PLUS) fashioned to fit the open sternotomy and thereafter sutured to the skin by a continuous suture. This was followed by a second cover using a Steri-drape plastic film; no local antibiotics were used. All exposures were performed using strict, sterile techniques, including polyvisone-iodine (Betadine) preparation of the entire chest wall and rinsing of the chest cavity with Betadine. In cases of more pronounced mediastinal edema, the sternal halves were stented apart with a modified syringe (nine patients).
Intensive care unit (ICU) management
In the intensive care unit (ICU), all patients were ventilated and sedated until the time of chest closure. Patients who were not closed within 70 h underwent mediastinal debridement and irrigation in the operating room or in the ICU, depending on degree of stability. Broadspectrum antibiotic prophylaxis was maintained while the chest was open; in the majority of patients piperacillin and tazobactam were administered. 
Technique of DSC
The timing for the DSC was determined by repeated inspections of the heart, evaluation of the level of pharmacologic support and IABP support, correction of coagulation defects, improved hemodynamic response and determination of the response to temporary reapproximation of the sternum. Debridement and repeated cleaning with Betadine solution were performed. Bacterial cultures were taken from the chest wound. The sternum was refixed with eight sternal wires, followed by closure of the subcutaneous tissue and the skin in layers. Intravenous administration of antibiotics was continued until the final removal of the mediastinal drains.
Statistics
Statistical analysis was carried out using analysis of variance, paired and unpaired Student's t-test, chi-square tests, stepwise regression analysis, and Kaplan-Meier survival analysis, as appropriate. Multivariate analysis was performed to determine independent predictors of mortality. Significance levels were set at a probability value <0.05.
Results
OCM with DSC was used in 212 (3.5%) of all patients. There were 148 men and 64 women, with an average age of 72.6 AE 3.5 years (range, 26-88 years). The incidence of OC was 3.5%, with 1.4% for isolated CABG, 2.9% for isolated valve, and 7.1% for combined procedures. The incidence of OCM and DSC according to type of operation is depicted in Table 3 .
In 148 patients, primary sternal closure was not possible as a consequence of postoperative LCOS, and in 32 patients due to hemodynamic breakdown on attempted closure. Postoperative LCO was defined as a cardiac index <2.0 l min À1 m À2 requiring combined pharmacologic inotrope support (dopamine, dobutamine, epinephrine, and amrinone) administered intravenously with or without additional IABP. The causes of postoperative LCO and hemodynamic breakdown on attempting sternal closure in 180 patients are shown in Table  4 . In the group of patients with myocardial infarction causing LCOS, we found significantly increased levels of the creatine kinase isoenzyme MB (CK-MB) on the first postoperative day, compared with the patients with closed chest and compared with all groups of patients with different reasons for OCM.
The overall mortality rate was 27.8% (59/212). The incidences of major perioperative complications are presented in Table 5 . Fifty-nine patients died: 23 before the DSC and 36 afterward.
Mortality could be related to the indication for OC: With the indication 'LCOS' the mortality was 36%, for bleeding it was 25.5%, for arrhythmias 20.5%, and for tamponade on closure it was 18%. In the subgroup of patients with myocardial infarction causing LCOS (n = 70) the mortality rate was 37%, without statistically significant difference to the other subgroups.
DSC in patients without IABP support was more likely to be successful. The mortality rate in patients with IABP was 38.5% (45/117) compared with 16.1 (5/31) when IABP was not required; p < 0.01.
Sternum-related morbidity in 189 patients with DSC and in 5637 patients who had primary sternal closure after cardiac surgery and who survived at least 10 days, is summarized in Table 6 .
There were nine patients with superficial sternal wound infections (4.8%) after DSC. They were all successfully treated with antibiotics and local debridement. Ten patients in the DSC group had mediastinitis; seven of them died. Various degrees of sternal instability were observed in four patients, three of whom required sternal refixation. However, no statistically significant differences could be calculated concerning sternal morbidity between the DSC group and control patients (primary closure).
Re-operative cardiac surgery (31.7% vs 10.8%) and emergency operations (7.4% vs 2.3%) were significantly more frequent in patients treated with OC and DSC compared with patients with primary sternal closure ( p < 0.01). In addition, we found significantly more patients with a preoperative ejection fraction <30% in patients with DSC (12.5% vs 8.8%, p < 0.05).
There were no preoperative predictors of operative mortality. We particularly investigated age, gender, functional status, presence of a preoperative myocardial infarction or previous sternotomy, ventricular function, emergent circumstances, and liver or renal disease.
Predictors of mortality by univariate analysis were VAD insertion, new onset of hemodialysis, re-operation for bleeding, mean length of duration of OC (survivors 3.2 days, non-survivors 6.4 days), and longer duration of high-dose inotropic therapy (Table 7) .
Multivariate analysis pointed out that VAD insertion, reoperation for bleeding, and deep sternal infection were the strongest independent predictors of in-hospital death after OCM/DSC (Table 8 ).
Discussion
In the early days of cardiac surgery, primary closure of the sternum at the end of the operation was mandatory because of the concern of mediastinal infection. Riahi et al. [1] were the first to point out the problem of cardiomediastinal disproportion in 1975. They used upward traction on the closed chest, which would then be increasingly weaned as the patient improved. This provided a means of relieving compression while allowing the chest to be closed. Leaving the chest cavity open would have provided optimal relief of cardiac compression, but this was avoided due to the problems regarding mediastinitis. Infectious complications and sternal morbidity have been less frequent than anticipated since the initial description of OCM [2] [3] [4] [5] [6] . OCM is now accepted as a therapeutic tool in the management of hemodynamically unstable patients where cardiac compression by sternal closure is not tolerated. Patients may further benefit because of ready access to the mediastinum for clot evacuation and electrical cardioversion [3] .
Sternal closure has been shown to result in a significant decrease in cardiac output and diastolic filling, despite preserved velocity of fiber shortening, even in patients with good cardiac performance [9] . These effects are magnified in the presence of poor ventricular compliance secondary to ischemia, reperfusion, and edema. Furnary et al. [10] have recently and elegantly demonstrated that LCO can be improved by the opening of the sternum. After the sternal incision had been re-opened, there was a 59% increase in cardiac index and a 18% rise in systemic blood pressure, without significant change in cardiac filling pressures [2, 10] .
The hemodynamic data in our patients with OC and DSC because of postoperative LCO and hemodynamic breakdown on closure are similar to those described in former studies [2, 3, 10] .
The incidence (3.5%) of OC after cardiac operations at our institution is slightly higher than earlier reported [4, 10, 11] . The high proportion of high-risk patients (redos, urgent or emergent operations, and poor preoperative left ventricular function) in our patient population may well explain the relatively high incidence of OC and DSC in this analysis. The indications for OC management in our patients are similar to those reported previously [6, 10, 11] . Our survival rates after OC treatment and DSC are comparable to results described by other authors [7, 10, 11] . Patients who required OC treatment had a higher incidence of emergency or urgent operations (22.9%) and re-operative surgery (31.7%) compared with the controls.
Bleeding at the end of CPB, significant increase in heart size with severe ventricular dysfunction, and relentless arrhythmias are severe complications of cardiac operations. They are often also associated with a prolonged perfusion time and poor myocardial preservation [10, 11, 23] . Treatment by OC in these patients disposes time for recovery of myocardium and for treating the bleeding complications. In addition, there is the advantage of allowing the surgeon easy access to the mediastinum for evacuation of blood and clots after cardiac tamponade [2, 6] . Arrhythmia as an indication for OC has been reported by Furnary et al. [10] . The group of patients undergoing DSC are particularly at risk for infection because they have predisposing factors such as: prolonged CPB time, LCO, excessive bleeding, and the need for multiple re-explorations of the chest [19, 22] . In our analysis, it is interesting to observe that the incidence of wound infections, mediastinitis, and sternal dehiscence after DSC was not significantly different from the controls with primary sternal closure.
Poor functional class and advanced cardiac disease requiring a prolonged operation are risk factors for post- operative instability and the need for OC [8, 9, 12] . This is evident in the preoperative characteristics of our 212 patients with OC. These risk factors for OCM, however, did not further stratify patients into groups of varying risk for death. We found no preoperative risk factors for in-hospital death, and the only intra-operative predictor of poor outcome was the requirement for VAD insertion. Several postoperative factors were associated with patient death including high epinephrine requirement just before chest closure, duration of high-dose inotropic support, sternal infection, dialysis, re-operation for mediastinal bleeding, and delay before sternal closure.
Multiple factors have to be examined when determining the timing of DSC [13] [14] [15] [16] [17] [18] 25] . Transesophageal echocardiography is used in the operating room for any unstable patient to give continuous information about ventricular function and response to different therapeutic maneuvers. Further considerations regarding timing of closure include inotrope requirements, degree of fluid mobilization, and level of dependency on IABP therapy [21] . Although the decision of when to close is made individually, patients who are successfully closed are generally on low epinephrine and in negative fluid balance.
In summary, OCM with delayed closure of the sternum remains an important therapeutic option in patients with postoperative LCOS, significant hemorrhage, or intractable arrhythmias. Delayed closure can be achieved in the majority of patients with a relatively low incidence of sternal morbidity and low mortality.
We are of the opinion that liberal and early application of OCM provides an increased opportunity for survival in patients with hemodynamic instability after cardiac surgery.
However, patients with need for VAD, re-operation for bleeding, and particularly a deep sternal infection continued to have a poor outcome.
